Recently, selenium (Se) enriched mushrooms have been exploited as diary Se supplements, but our knowledge of the metabolism process during the Se enrichment process is far from complete. In this study, the uptake, toxicity and reduction of selenite in a widely cultivated mushroom, Flammulina velutipes, was investigated. The results showed that pH variation (from 5.5 to 7.5), metabolic inhibitor (0.1 mM 2,4-DNP) and P or S starvation led to 11%-26% decreases in the selenite uptake rate of F. velutipes. This indicates that a minor portion of the selenite uptake was metabolism dependent, whereas a carrier-facilitated passive transport may be crucial. Growth inhibition of F. velutipes initiated at 0.1 mM selenite (11% decrease in the growth rate) and complete growth inhibition occurred at 3 mM selenite. A selenite concentration of 0.03-0.1 mM was recommended to maintain the balance between mycelium production and Se enrichment.
Introduction
44 Selenium (Se) is an essential trace element for humans and animals. Nutritional Se deficiency 45 affects 500-1000 million people worldwide, especially those from the Keshan disease area of 46 China, and Se supplementation can be necessary for them (Combs 2001) . The availability and 47 biological activity of Se depend on its dose and chemical form (Turło et al. 2011 ). In trace 48 amount, Se confers antioxidant capacities to a number of selenoproteins (Izquierdo et al. 2010 ). 49 At higher concentrations, Se is toxic because it generates oxidative stress and is involved in 50 DNA damage (Izquierdo et 55 Although the majority of mushrooms are Se-poor, a considerable amount of organic Se can 56 accumulate in mushrooms supplied with selenite or other forms of Se (Falandysz 2008 ). Turło et 57 al. (2011) reported that the mycelium of Lentinula edodes cultured in Se-fortified substrate 58 accumulated Se in organic compounds, and the synergetic effect of Se compounds and active 59 polysaccharides gave it a strong chemopreventive activity. 60 The transport of selenite through the plasma membrane is the first step of selenite metabolism 61 (Gharieb & Gadd 2004) , whereas the mechanism of selenite uptake by mushrooms remains 62 unclear. Selenite is present in the culture medium in different forms depending on the pH, 63 140 A control treatment without P or S starvation was included. All the uptake experiments were 141 performed under sterile conditions. Four replicates were conducted for each treatment.
142
The oven-dried mycelial pellets were grounded in an agate mortar. A subsample of ~0.1 g was 143 weighted with an analytical balance (± 0.0001 g) and digested with 8 mL 68%-70% HNO 3 in a 144 microwave oven (CEM Mars 6, CEM, USA). A standard reference material (orange leave, GBW 145 10020, 0.17 ± 0.03 mg Se/kg) and blank samples were digested together with the mycelial pellets.
146 The Se concentration in the solution was determined using an inductively coupled plasma-mass 147 spectrometry (ICP-MS, NexION 300X, Perkin Elmer, USA).
148 Selenite toxicity and reduction experiments 149 The cultivation of F. velutipes was carried out in the GY solid and liquid media supplemented 150 with 0-5 mM Na 2 SeO 3 . Selenite was added to the culture medium at 50-55°C (solid medium) or 151 room temperature (liquid medium) from a stock solution (1 M) after sterilized with a 0.2 μm 152 filter.
153
The toxicity experiment was conducted in solid and liquid media with initial selenite 154 concentrations of 0-5 mM. For solid cultivation, an isolate (7 mm in diameter) was inoculated 155 onto the center of test plate containing 0-5 mM selenite, and incubated at 25°C in the dark. The 156 radical growth rate, density, height, pigment secretion and other colony characteristics were 157 recorded daily. The static cultivation was conducted in a 50 mL flask containing 20 mL of 158 medium and was inoculated and cultivated in the same way as the solid cultivation. The biomass 159 of the 20-day-old mycelia was determined after oven-dried at 60°C. The shaking cultivation was 160 conducted in a 250 mL flask containing 100 mL of medium with 2 inocula. After cultivation at 161 25°C and 120 rpm in dark for 13 days, the biomass of the mycelial pellets was determined after 162 oven-dried at 60°C. Each treatment was performed with 4 replicates for the shaking cultivation 163 and with 5 replicates for the solid and static cultivations.
164
For the reduction experiment, the ability of F. velutipes to reduce selenite to Se(0) was 165 measured visually, and the degree of red coloration resulted from Se(0) formation was used as an 166 indication of reduction. During the toxicity experiment with initial selenite concentrations of 0-5 167 mM, the degree of red coloration of the fungal colonies was recorded daily. In addition, the 168 reduction ability was examined after the full development of the mycelium. For this purpose, F.
169 velutipes was first cultivated in selenite-free medium for 14 days until selenite was added to the 170 medium to a final selenite concentration of 0 to 3 mM. Each treatment was performed in 171 triplicate. The coloration of the mycelial pellets was observed hourly for the first 10 h and again 172 at 24 h and 32 h. All of the toxicity and reduction experiments were conducted under sterile 173 conditions. (Table S1 ). The SAS 9.1 (SAS Institute, Inc., Cary, North Carolina, USA) software package was 188 used for all of the statistical analysis.
211 Reduction of selenite to Se(0) by F. velutipes exposed to 0-5 mM of selenite 212 When F. velutipes was cultivated in the media containing 0-5 mM selenite (Fig. 3A, 3B and 3C 218 cultivated in the selenite-free media for 14 days were subjected to 0-3 mM selenite, the reduction 219 intensity increased with increasing selenite concentrations (Fig. 3D ). In the solid and static 220 cultivation, denser colors were observed in the central part of the colony (around the inocula) 221 compared to the margins ( Fig. 3A and 3B; Fig. S2 ). In the shaking cultivation, denser colors 222 were observed in the large mycelial pellets, especially those developed from the inocula, than in 223 the newly formed small pellets ( Fig. 3C and 3D; Fig. S2 ).
224 Discussion 225 Possible mechanisms of selenite uptake by F. velutipes 226 The changes in selenite forms induced by the varying pH did not significantly influence the 227 selenite uptake by F. velutipes (Fig. 1A) . From pH 5.5 to pH 7.5, the proportion of HSeO 3 -228 decreased markedly from 92.6% to 11.2%, corresponding to the increase of SeO 3 2-from 7.3% to 229 88.8% (Table S3) , whereas the selenite uptake rate only decreased by 14%. The lack of 230 sensitivity of selenite uptake to medium pH of this range was commonly reported in organisms . Moreover, the desorption procedure adopted in this study 256 following the selenite uptake process further precluded the possibility of abiotic adsorption (see 257 Material & Methods). Therefore, a carrier-facilitated passive transport may be crucial to the 258 selenite uptake by F. velutipes. . We tested the possible roles of phosphate and sulfite transporters in selenite uptake, 263 and assumed that with the up-regulation of phosphate or sulfite transporter after P or S starvation, 264 the rate of selenite uptake would increase ). Opposite to our assumption, the uptake 265 rate of selenite decreased significantly by ~25% after P and S starvation (Fig. 1C) . One 266 explanation is that two transporters with contrasting selectivity for selenite might exist in F.
267 velutipes. In S. cerevisiae, which is phylogenetically close to F. velutipes, the selenite uptake 268 involves the high and low affinity phosphate transporters at low and high (1 mM) phosphate 269 concentrations, respectively (Lazard et al. 2010 ). The high affinity transporter strongly selects 270 phosphate over selenite, whereas the low affinity transporter does not discriminate efficiently 271 between the two anions (Lazard et al. 2010 ). Thus the low affinity transporter can potentially 272 have a higher conductance to selenite than the high affinity transporter (Lazard et al. 2010 310 velutipes and other 11 species of phylogenetically and ecologically varied mushrooms were 311 tested, and 10 of them showed the reducing ability (Fig. S3) . Thus it is conceivable that 312 mushrooms commonly possess this reducing ability. 313 Selenite reduction by fungi to Se(0) has generally been considered as a detoxification mechanism 314 (Gharieb et al. 1995; Ramadan et al. 1988; Vetchinkina et al. 2013) . If the same is true for F. 315 velutipes, the reduction intensity would increase as selenite poisoning strengthens. At selenite 316 concentrations below 0.3 mM, the reduction intensities increased with the increasing selenite 317 concentration (Fig. 3A, 3B and 3C) . However, at selenite concentrations of 1 mM or higher, 318 when the mycelial growth was severely inhibited (Fig. 2) , the reduction intensities decreased 319 (Fig. 3A, 3B and 3C) . Lortie et al. (1992) also reported that selenite poisoning at high 320 concentrations caused a decrease in the reduction rate of selenite by Pesudomonas stutzeri.
321 proposed that the reduction process operated at the expense of the 322 endogenous metabolism. We assume that the reduction by F. velutipes may be also metabolism 323 dependent. This idea was tested using mycelial pellets from selenite-free media (14-day-old), as 324 they were supposed to be metabolically active compared with those developed in the media 325 initially containing toxic amounts of selenite. When the mycelia were not constrained by the 326 metabolic activity, the red coloration appeared in 24 h and the reduction intensity increased with 327 the increasing selenite concentrations in the range of 0-3 mM (Fig. 3D ). This may explain why 328 the inoculum part of the colony showed faster and denser coloration when subjected to selenite 329 ( Fig. 3; Fig. S2 ). Thus, the reduction of selenite to Se(0) can be influenced by both the selenite 330 concentration and the metabolism activity of the fungi.
331
In addition to the red coloration, colonies treated with a toxic amount of selenite often 332 exhibited a garlic smell during cultivation of F. velutipes ( Fig. 3C and 3D ). Similar phenomena 333 have been reported in the literature studying the responses of fungi to selenite, and the garlic 334 smell was suspected to originate from volatile Se-containing compounds, possibly 335 dimethylselenide (Brady et al. 1996; Gharieb et al. 1995) . This suggested that the reduction of 4 TEM (A) and EDX (B) images of the hyphae of F. velutipes after selenite treatment.
The mycelia were picked up from the red region of the 20-day-old colony in the static cultivation supplied with 0.3 mM selenite.
